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Chapter 1
- Introduction -
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1.1. Hydrogen Production
1.1.1. Background [1, 2]
Human activity has affected geochemical systems on a global scale. The combustion
of natural gas, coal and oil for electricity production, transportation and industrial
purposes have produced huge amount of greenhouse gases. Consequently, the interest in
hydrogen has significantly increased. Hydrogen is often referred to as “clean energy” as
its combustion produces only heat and water. Chemically bound hydrogen can be found
everywhere on the planet, and the amount of energy produced from hydrogen
combustion is higher than any other fuel on a mass basis. Thus, hydrogen is a really
idealized energy, if we can produce abundantly hydrogen with energy saving process.
Hydrogen does not naturally exist in large quantities or high concentrations on earth.
Consequently, it must be generated from hydrogen-containing compounds, among
which CH4 is the most commonly used one. CH4 is the major composition of natural gas.
The major proven natural gas resource in the world is 187,100 billion cubic meters in
2010. Besides, it is estimated that there is a reserve of about 900 trillion cubic meters of
“unconventional” gas such as shale gas on the earth, of which 180 trillion may be
recoverable [3]. This huge storage amount of natural gas guarantees the big energy role
of CH4 in the next few centuries.
There are a number of possible approaches to hydrogen production, which can be
mainly divided into 3 classes as thermal processes, electrolytic processes and photolytic
processes. The details of these techniques are discussed as follows.
1.1.2. Thermal Processes
1.1.2.1. Steaming Reforming [4-6]
Currently hydrogen is mostly produced via steaming reforming of natural gas [7],
which has been in use for several decades as an effective mean for hydrogen production.
The first industrial application of steaming methane reforming (SMR) was implemented
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in 1930, and since then SMR has become the state-of-art technology for synthesis gas
and hydrogen production [8, 9]. SMR is a catalytic process that involves a reaction
between natural gas and steam in a multiple stages. In the first reforming stage, sulfur-
free natural gas, mixed with steam at a steam-to-carbon molar ratio of 2.5 to 5, is fed to
the reformer where H2 is formed according to reaction (1) and (2).
CH4 + H2O→ CO + 3H2 ΔH0298 = 206.2 kJ mol-1 (1)
CH4 + 2H2O→ CO2 + 4H2 ΔH0298 = 165 kJ mol-1 (2)
Reforming is highly endothermic and substantial amounts of supplemental energy are
required to overcome the heat of reaction. The reformer product contains substantial
amounts of H2, CO2, CO, H2O, and unreacted CH4. Then supplemental steam may be
added (if desired) and additional H2 can be produced via the water gas shift reaction
(WGS):
CO + H2O→ CO2 + H2 ΔH0298 = -42.1 kJ mol-1 (3)
In order to obtain high purity hydrogen from the products of the water-gas shift
reaction, separation of H2 from either CO or CO2 is necessary. Optional purification
methods exits depend on product specifications. Competitive separation processes
include amine absorption, pressure swing adsorption and membrane separation.
However, these additional systems markedly increase the overall cost of this method.
As an alternative to conventional steam reforming, methane could be reformed in a
stream of carbon dioxide rather than steam of water,
CH4 + CO2 → 2CO + 2H2 ΔH0298 = 247.3 kJ mol-1 (4)
Advantage of this reaction could be the disposal of CO2 and the possibility of
operating at fairly low temperature, for example in combination with conventional
steam reforming [10].
1.1.2.2. Partial Oxidation [11-13]
In partial oxidation processes, a fuel and oxygen are combined in proportions such
that the fuel is converted into a mixture of H2 and CO.
Partial oxidation of methane can be described by the following equations:
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CH4 + 1/2O2 →CO + 2H2 ΔH0298= -35.6 kJ mol-1 (5)
CH4 + O2 →CO2 + 2H2 ΔH0298= -319.3 kJ mol-1 (6)
The mildly exothermic partial oxidation of methane to synthesis gas was first
investigated in the 30’s and 40’s [14, 15]. However, high yields of synthesis gas were
only obtained at temperatures in excess of 850℃. In addition, carbon formation over the
supported nickel catalysts used was not negligible. Until 1990 Green and co-workers
reported that some noble metals could, on a laboratory scale, catalysis partial oxidize
methane to the thermodynamic equilibrium composition of product gases with little or
no carbon deposition [16, 17]. This observation reawakened industrial and academic
interest in the catalytic partial oxidation of methane to synthesis gas. Comparing with
steam reforming, Partial oxidation method has several advantages as below.
(1) Partial oxidation is mildly exothermic, which would be more economical to heat
than steaming reforming.
(2) The molar ratio of H2 to CO in the resulted synthesis gas is close to 2, and this
ratio is ideal for downstream processes, in particular methanol synthesis.
(3) The product gases from methane partial oxidation can be extremely low in carbon
dioxide content, which must often be removed before synthesis gas can be used
downstream.
(4) POM can be carried out under the condition of very high gas hourly space velocity
(GHSV), which makes the process require less investment and less production scale to
achieve the same or larger capacity.
However, this method also has some problems. If pure oxygen is used in the process,
the cost of the system will be significantly increased. On the other hand, if PO process
uses air as an oxidizer, the effluent gas would be heavily diluted by nitrogen resulting in
higher cost in gas purification units. Besides, hot-spot may occur in the catalyst bed
during the PO process, which can be a potential safety hazard.
1.1.2.3. Coal Gasification [18]
Making a fuel gas from coal is an old art. The manufactured gas industry by heating
coal began in England in 1810 and in the U.S. in 1816. In 1875 the first commercial
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carbureted water gas was made. The process involved reacting steam with red hot coals
to form a burnable gas which was called water gas. The reaction is as below.
C + H2O→ CO + H2 ΔH0298 = 131.3 kJ mol-1 (7)
Modern coal gasification processes utilize the same basic chemistry. The reactions
includes: oxygen reacts with coal form heat, carbon dioxide and water, and steam reacts
with carbon to form carbon monoxide and hydrogen. In modern processes these
reactions are carried out at the same time and in the same reactor by blowing oxygen or
air as well as steam into to gasifier. A mixture of gases is produced depending on the
kind of reactor and operating conditions employed.
As the storage of coal on this planet is much larger than any other forms of fuel,
technologies on coal gasification seems to be promising in the future. However, to
obtain high purity hydrogen from the produced gas mixture, separation of H2 is also
required, just like steaming reforming and partial oxidation method mentioned above.
1.1.2.4. Methane Decomposition [2, 4, 19, 20]
Methane decomposition reaction is a moderately endothermic process:
CH4 →C + 2H2 ΔH0298 = 75.6 kJ mol-1 (8)
The energy required for methane catalytic cracking is nearly one half that required for
steam reforming per mole of methane decomposed. However, methane is one of the
most stable organic molecules. Its electronic structure, lack of polarity and any
functional group makes it extremely difficult to decompose into its constituent elements.
Thermal decomposition of methane requires a temperature of about 900℃ or even
higher. To reduce the maximum temperature of methane thermal decomposition, many
catalysts have been attempted in the process. It was found that almost all transition
metals exhibit catalytic activity toward methane decomposition reaction to some extent.
The metal catalysts are often loaded on supports like SiO2, TiO2, graphite, Al2O3, MgO,
CeO2 and so on, among which the most commonly used are SiO2 and Al2O3. It should
be noted that there is no universal agreement among different research groups regarding
the most efficient metal catalyst and catalyst supports for methane decomposition. The
use of carbon catalysts for CH4 decomposition offers certain advantages over metal-
- 6 -
based catalysts [21, 22] such as low cost, availability, durability, chemical and physical
stability. However, the catalytic activity of carbon catalysts is much lower than that of
metal catalysts, correspondingly the thermal efficient in reaction is lower.
Theoretically, the energy requirement to fulfill the endothermicity of the process is
less than 10% of the heat of methane combustion. In addition to the lower energy
demand for methane catalytic cracking compared to steam reforming, the process
theoretically does not produce CO or CO2 as byproducts, so the need for COx-removal
as required in conventional hydrogen production methods is eliminated. Separation of
methane and hydrogen can be achieved easily by absorption or membrane separation to
produce a stream of 99% by volume hydrogen, which is much simpler than the need for
further complicated separation processes that deal with CO2 or CO [23].
Like all catalytic reaction, the catalytic activity of catalysts decreases during a
continuous process for hydrogen production. Steam gasification or air oxidation can be
used to regenerate the deactivated catalyst [24]. On the other hand, the carbon by-
products produced are expected to be commercially valuable if they are in the form of
nanocarbon materials, or at least even if the valueless solid carbon by-products can be a
good means of storing carbon instead releasing it to the environment in the form of CO2
[23, 25].
1.1.3. Electrolytic Processes [26]
The conversion of electric energy into hydrogen (and oxygen) by water electrolysis
has been known for a long time (demonstrated by Faraday in 1820 and widely used
since about 1890). Conventional electrolysis uses an aqueous alkaline electrolyte, with
the positive and negative electrode areas separated by a microporous diaphragm. The
reaction at the positive electrode is
H2 → 0.5O2 + 2H2 + 2e-,
the reaction at the negative electrode is
2H+ + 2e- →H2,
the overall reaction is
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H2O → H2 + 0.5O2 ΔH0298= 242 (g)/288 (l) kJ mol-1 (9)
The role of the alkaline component is to improve the poor ion conductivity of water.
KOH is the most favorably used alkaline.
The method of hydrogen production from electrolytic processes is very convenient,
and high purity hydrogen can be easily achieved. However, for electricity is mostly
produced by use of fossil fuels, the CO2 production can not be reduced by using this
method. So it can only be suitable in some specific situations, like small amount of
hydrogen is required, or the electricity used is surplus electricity from variable resource
like wind or solar radiation, to use this method for the hydrogen production.
1.1.4. Photolytic Processes [27-29]
Hydrogen can be produced through photocatalytic decomposition of water, methane
and other hydrocarbons. Thermodynamically decomposition of liquid water at 25°C to
gaseous hydrogen requires an energy of ΔH = 2.96 eV, which corresponds to light
wavelength of 420 nm.
H2O (l) → H2 (g) + 0.5O2 (g) ΔH=2.96 eV (10)
However, water is transparent for this light. Hence, appropriate systems should be
developed to absorb solar energy from 315 nm (hv=3.96 eV) upwards in order to
promote water splitting.
A semiconductor consists of valence band (VB) and conduction band (CB). Energy
difference between these two levels is said to be the band gap (Eg). When
semiconductors are excited by photons with energy equal to or higher than their band
gap energy level, electrons receive energy from the photons are thus promoted from VB
to CB if the energy gain is higher than the band gap energy level. The photo-generated
electrons and holes that migrate to the surface of the semiconductor without
recombination can reduce and oxidize the reactants adsorbed by the semiconductor. The
reduction reactions are the basic mechanisms of photocatalytic hydrogen production.
TiO2 is the most widely used photocatalyst.
Presently, the energy conversion efficiency from solar to hydrogen by TiO2
photocatalytic water-splitting is still low, the reasons can be attribute to recombination
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of photo-generated electron/hole pairs, fast backward reaction of hydrogen and oxygen
into water, and inability to utilize visible light.
In order to resolve the above problems and make solar photocatalytic hydrogen
production feasible, continuous efforts have been made to promote the photocatalytic
activity and enhance the visible light response, such as addition of electron donors,
addition of carbonate salts to suppress backward reaction, noble metal loading or ion
doping to enhance TiO2 photocatalysis, and so on. However, production of hydrogen
from this method is still at laboratory level.
Beside the above mentioned techniques, some other hydrogen production methods
like autothermal reforming, biomass gasification, high temperature water splitting etc.
have also been widely studied. These methods belong to the thermal processes, which
are the alternatives for steaming reforming and partial oxidation. Another promising
method is hydrogen production from organic wastes by fermentative, which plays the
dual role of waste reduction and energy production [30, 31]. At present the major
problem is the low energy conversion efficiency from the organic source, that is, 80-
90% of the initial COD usually remain in the wastewater.
Hydrogen has its reputation as an environmentally-friendly fuel, however, hydrogen
production can actually have significant adverse environmental impacts, which weakens
the basic rationale for the hydrogen economy. For example, producing hydrogen by
steam reforming, partial oxidation or coal gasification does not reduce the use of fossil
fuels but rather shifts them from end use to an earlier production step [32]. It can be
concluded that, in the near- to medium-term future, methane decomposition appears to
be the most promising method for hydrogen production due to its economical and
environmental advantage. However, the current technology for this method still requires
fundamental breakthrough in the corresponding science and technology.
1.2. Nanocarbon Materials
1.2.1. Background
The crystalline forms of pure carbon were known to be only diamond and graphite for
a long time. In 1985, the proposal of the existence of a new third form of pure carbon by
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Kroto, Smalley, Curl and coworkers [33] impacted the entire scientific community. This
new carbon material consists of 60 carbon atoms which named as fullerene (C60). In
1991, Iijima of the NEC Laboratory elucidated the atomic structure and helical character
of multi-wall carbon nanotubes, since then the interest in the carbon nanostructures was
unprecedented generated [34]. Two years later, synthesis of single-walled nanotubes
was independently reported by Iijima and Toshinari Ichihashi of NEC, and Donald
Bethune and colleagues of the IBM Almaden Research Center in California [35, 36].
Then in 1999, Iijima et al. developed a new type of single wall nanocarbon named single
wall carbon nanohorn (SWCNH), which has a nanotubular and forms a unique assembly
structure with a “Dahlia-flower-like” feature [37]. Furthermore, in 2004 physicists at the
University of Manchester and the Institute for Microelectronics Technology,
Chernogolovka, Russia, first isolated individual graphene planes by using adhesive tape.
They also measured electronic properties of the obtained flakes and showed their unique
properties [38]. The endeavor in carbon nanomaterials has not only broadened the field
of scientific research, but also provided promising techniques for various applications.
In this section a variety of nanocarbon materials will be introduced in history
background, structure, synthesis method, properties and application.
1.2.2. Fullerene
The existence of C60 was predicted by Eiji Osawa of Toyohashi University of
Technology in 1970 [39]. Also in 1970, R. W. Henson proposed the structure and made
a model of C60 [40]. Independently, in 1973 the group of scientists from USSR directed
by Prof. Bochvar made the quantum-chemical analysis of stability of C60 and calculated
electronic structure of the molecule [41]. Unfortunately, all these theoretical predictions
weren’t accepted by scientific community.
In 1985, Kroto, Smalley and co-workers vaporized graphite in a pulsed jet of helium
and analyzed the resulting distribution of carbon clusters by time-of-flight mass
spectrometry. They found that under certain clustering conditions a peak at 720 amu
corresponding to a cluster of 60 carbon atoms (C60) could be made about 40 times larger
than neighboring peaks in the mass spectrum. Also, the C70 fullerene was noticed in this
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work. Then the structure of fullerene was proposed [42]. The skeleton of C60 could be
explained by a molecular structure having the perfect symmetry of a truncated
icosahedron, a polyhedron with 60 vertices and 32 faces, 12 of which are pentagonal
and 20 others are hexagonal. Fullerenes are also called buckyballs, for they resemble the
balls used in association football (Figure 1-1). Kroto, Curl, and Smalley were awarded
the 1996 Nobel Prize in Chemistry for their roles in the discovery of this class of
molecules. Fullerenes have been intensively studied on physicochemical, electronic and
magnetic properties, and fullerenes in the form of C20, C36, C76, C82 and C84 etc. were
also found.
Figure 1-1. Molecular structure of C60.
Since its discovery, the extension structures of fullerenes have also been proposed
[43]. Examples include buckyball clusters, nanotubes, megatubes [44], polymers [45],
nano “onions” [46] and linked “ball-and-chain” dimmers [47]. The structural variation
of carbon nanomaterials have been greatly expanded on the base of fullerene. Among
the above mentioned nanocarbons, carbon nanotubes will be discussed in detail in next
section.
1.2.3. Carbon Nanotubes [48，49，50]
The production of filamentous carbon by catalysis had been known long before
Iijima’s discovery of fullerene-related carbon nanotubes. As early as 1890, P. and L.
Schultzenberger observed the formation of filamentous carbon during experiments
involving the passage of cyanogen over red-hot porcelain [51]. Work in the 1950s
established that filaments could be produced by the interaction of a wide range of
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hydrocarbons and other gases with metals. In 1970s, Endo produced carbon fibers by
pyrolysis of benzene and ferrocene at high temperature. He found a hollow core and a
catalytic particle on the sample through high resolution transmission electron
microscopy. It has been claimed that an image in this paper contains a single-walled
tube [52]. However, it was not until the observation of carbon nanotubes in 1991 by
Iijima of the NEC Laboratory using high-resolution transmission electron microscopy
(HRTEM) that the carbon nanotube field was seriously launched [38].
Figure 1-2. Schematic diagram showing how a graphene sheet is ‘rolled’ to form a
carbon nanotube [50].
Figure 1-3. Three types of SWCNT: armchair (a), zigzag (b), and chiral (c)
nanotubes [53].
Carbon nanotubes are allotropes of carbon with a cylindrical nanostructure. The
structure of single wall carobn nanotubes (SWCNTs) can be seen as a seamless rolled
graphene sheet with a cylindrical nanostructure and multiwall carbon nanotubes
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(MWCNTs) are a collection of concentric SWCNTs [54]. The atomic structure of
nanotubes is described in terms of the tube chirality, or helicity, which is defined by the
chiral vector
→
Ch and the chiral angle θ. Any carbon nanotube can be expressed in terms
of the chiral vector by the following equation:
→
C
h
= n
→
a
1
+ m
→
a
2
where n and m are integers.
→
a
1
and
→
a
2
are the unit cell vectors of the two-dimensional
lattice formed by the graphene sheets.
Three distinct types of nanotube structures can be generated by rolling up the
graphene sheet into a cylinder as shown in Figure 1-2. The zigzag and armchair
nanotubes, respectively, correspond to chiral angles of θ = 0 and 30◦, and chiral
nanotubes correspond to 0 < θ < 30◦. In the (n, m) notation for
→
C
h
= n
→
a
1
+ m
→
a
2
, the
vectors (n, 0) or (0, m) denote zigzag nanotubes and the vectors (n, n) denote armchair
nanotubes. All other vectors (n, m) correspond to chiral nanotubes [55].
The circumferential length (L) of the SWCNT is given by
Ch= 3 aC-C (m2+mn+n2)1/2 (11)
where Ch is the length of Ch, aC−C is the C–C bond length (1.42 Å).
The nanotube diameter dt is given by
dt = 3 aC-C (m2+mn+n2)1/2/π = Ch/π (12)
The chiral angle θ is given by
θ = tan-1[ 3 n/(2m+n)] (13)
Differences in the nanotube diameter dt and chiral angle θ give rise to differences in
the properties of the various carbon nanotubes.
Techniques have been developed to produce nantubes in large quantities and
commercial available. The main roots for SWCNT synthesis include arc-discharge, laser
ablation, and chemical vapor deposition.
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Nanotubes were observed in 1991 in the carbon soot of graphite electrodes during an
arc discharge [34]. The schematic of laser ablation method is shown in Figure 1-4(a). In
arc-discharge, carbon atoms are evaporated by plasma of helium gas ignited by high
currents passed through opposing carbon anode and cathode. MWCNTs can be obtained
by controlling the growth conditions such as the pressure of inert gas in the discharge
chamber and the arcing current. Growth of single-walled tubes needs a metal catalyst in
the arc-discharge system [56, 57].
Figure 1-4. Schematic experimental setups for nanotube growth methods: (a) arc-
discharge, (b) laser ablation, and (c) CVD [48].
Laser ablation was firstly introduced by Smalley group. The method utilized intense
laser pulses to ablate a carbon target placed in a tube-furnace heated to 1200℃. The
carbon target contained 0.5 atomic percent of nickel and cobalt. A flow of Ar was
passed through the growth chamber to carry the grown nanotubes downstream to be
collected on a cold finger during the ablation [58]. The schematic of laser ablation
method is shown in Figure 1-4(b).
CVD is currently the best-known technology for the commercial production of carbon
nanotubes [59]. During CVD, a substrate is prepared with metal catalyst particles
deposited on it. The commonly used metal catalysts are nickel, cobalt, iron or a
combination. The growth process involves heating a catalyst material to high
temperatures in a tube furnace and flowing a hydrocarbon gas through the tube reactor
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for a period of time. Nanotubes grow at the sites of the metal catalysts. After the system
cool down to room temperature, the materials grown over the catalyst are collected. The
key parameters in nanotube CVD growth are the hydrocarbons, catalysts and growth
temperature. The schematic of laser ablation method is shown in Figure 1-4(c).
Carbon nanotubes are the strongest and stiffest materials yet discovered in terms of
tensile strength and elastic modulus respectively. SWCNTs are 100 times stronger than
the highest grade high carbon steel commercially available. SWCNTs also have a tensile
modulus many times higher than steel; they can be stretched over five times their
original length with nearly 100% memory and undetectable levels of corresponding
structural damage [60-62]. But weak shear interactions between adjacent shells and
tubes leads to significant reductions in the effective strength of multi-walled carbon
nanotubes and carbon nanotube bundles [63].
Nanotubes are also expected to be very good thermal conductors along the tube,
exhibiting a property known as “ballistic conduction”, but good insulators laterally to
the tube axis. Measurements show that a SWCNT has a room-temperature thermal
conductivity along its axis of about 3500 W m-1 K-1 [64]; which is much higher than that
of copper (385 W m-1 K-1)
The electronic structure of SWCNT can be either metallic or semiconducting,
depending on its diameter and chirality. For a given (n, m) nanotube, if n = m, the
nanotube is metallic; if n-m is a multiple of 3, then the nanotube is semiconducting with
a very small band gap, otherwise the nanotube is a moderate semiconductor [65]. Some
small diameter carbon nanotubes don’t obey this rule due to the electrical properties
change caused by curvature effects. In theory, metallic nanotubes can carry an electric
current density of 4 × 109 A cm-2, which is more than 1,000 times greater than those of
metals such as copper [66].
Due to the above excellent properties, carbon nanotubes are expected to have
different potential applications, like electrodes for electrochemical double layer
capacitors [67], field-emission materials [68], nano-electronic devices [69], hydrogen
storage [70], sensors [71], functional polymers [72], etc.
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1.2.4. Single Wall Carbon Nanohorns
a
b
Figure 1-5. TEM images of the dahlia type aggregates (a) and the individual (b)
SWCNH [37].
In 1999 a new type of nanocarbon named single wall carbon nanohorns were
synthesized by Iijima group [37]. Individual SWCNHs have unique structural feature
represented by a typical diameter of 2 nm with a length of 30-50 nm. The body of
nanohorn is more or less tubular, with a diameter varies irregularly along its length. The
diameters of individual SWCNH are 1-2 nm at the horn tips and 4-5 nm in the tubule-
body part. The end of this tube is closed by a conical cap with a cone angle of 20°. The
cone angle implies that the cone cap contained five carbon pentagon rings together with
many carbon hexagons. The loops of the nanohorns are not always circular but are
distorted. The non-circular loops indicate that the tubular parts of nanohorns do not
always have a circular cross-section but may be considerably distorted. Unlike
nanotubes, which assemble into cylindrical bundles with their long axes parallel to each
other, SWCNHs have a tendency to aggregate together and make dahlia flower-like
structured particle SWCNH aggregate. The diameter of these spherules is typically 80-
100 nm. The separation between neighboring walls is about 0.4 nm, close to the basal
plane distance of graphite [37, 73, 74]. The TEM images of the individual and
aggregates SWCNH is shown in Figure 1-5.
Single wall carbon nanohorns (SWCNHs) can be produced by laser ablation of a
graphite substrate (99.99% purity) without any catalyst. The CO2 laser ablation
generator is composed of a high-power CO2 laser source and a plastic-resin reaction
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chamber attached with a vacuum pumping system. Ar gas is introduced and flowed
through the inside chamber to remove the products to the collection filter under the
pressure of 760 Torr at room temperature. The obtained product was “dahlia-like”
structured aggregates of graphitic particles with a diameter of about 80-100 nanometers
[37].
SWCNH can also be prepared by a pulsed arc-discharge between pure carbon rods in
the atmospheric pressure of air, He and Ar with arcing period of 30 s. The arc current is
set at 120 A and voltage between the electrodes is 15 V. Just before the arcing, the
temperatures of the carbon rod were heated up to 1000℃. Purity of SWCNHs was
reached higher than 90%. The mean size of SWCNH particles was about 50 nm, which
is smaller than those prepared by the CO2 laser method.The yield of these carbon
nanohorns was very high, up to 95%, which is higher than carbon nanotubes [75].
The porosity of SWCNH was soon studied after its discovery. In 2002, it was found
that nanoscale windows were produced on the wall when the SWCNHs were oxidized in
oxygen at high temperature [74, 76]. The size and concentration of these nanoscale
windows could be controlled by the oxidation temperature [77]. As the number and size
of the windows in the wall of SWCNH can be varied by the heating temperature, the
possibility for a molecular selective adsorbent is shown [78].
The electronic properties of SWCNH are also studied. Berber et al. reported that the
local density of electronic states at the tip varies corresponding to the shapes of the
SWCNHs that differ in the relative locations of the five pentagons [79]. Kolesnikov et al.
proposed a hyperboloid geometry that has a cone asymptotic at large distance and a
smoothing at the tip for SWCNHs [80]. Also, SWCNHs can be transformed from n-type
semiconductors into p-type semiconductors after oxidation treatment [81].
1.2.5. Graphene
It was well known that graphite consists of hexagonal carbon sheets that are stacked
on top of each other, the single layer of carbon is called graphene. Before the isolation
of stable sheets of graphene in 2004 by Konstantin Novoselov, Andre Geim and their
collaborators [38], Graphene had already been theoretically studied for many years. In
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1947 P. R. Wallace interpreted it as a text book example in solid state physics [82]. He
predicted the electronic structure and noted the linear dispersion relation. In 1956 the
wave equation for excitations was written down by J.W. McClure [83]. In 1962 H. P.
Boehm reported the graphitic flakes that give an additional contrast equivalent of down
to 4 Å or 3 atomic layers of amorphous carbon [84]. Dirac equation of graphene was
discussed by G. W. Semenoff in 1984 [85]. However, all these work was not sufficient
to lead an explosion of interest of this material.
Figure 1-6. Mother of all graphitic forms. Graphene is a 2D building material for
carbon materials of all other dimensionalities. It can be wrapped up into 0D
buckyballs, rolled into 1D nanotubes or stacked into 3D graphite [86].
In order to characterize the graphene and to verify its unique properties, it is
important to produce sufficiently large individual sheets. However, it was believed that
to produce a single such sheet could not be possible. Therefore, when Konstantin
Novoselov, Andre Geim and their collaborators showed that such a single layer could be
isolated and that it was stable in 2004, the physics community was surprised [38]. The
Nobel prize in physics for 2010 was awarded to Andre Geim and Konstantin Novoselov
at the University of Manchester “for groundbreaking experiments regarding the two-
dimensional material graphene”.
Graphene is the name given to a flat monolayer of carbon atoms tightly packed into a
two - dimensional (2D) honeycomb lattice, it can be seen as a basic building block for
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graphitic materials of all other dimensionalities (Figure 1-6). It can be wrapped up into
0D fullerenes, rolled into 1D nanotubes or stacked into 3D graphite.
The technique that obtained the isolation of graphene for the first time is
micromechanical cleavage of bulk graphite, which conducted by Manchester group in
2004. They repeatedly peeled small pieces of highly oriented pyrolytic graphite into
graphene films. After that, researchers developed others techniques for obtaining
graphene. P. Sutter [87] reported that large and homogeneous layers of graphene can be
obtained by annealing silicon carbide at above 1100℃ in a dense noble gas atmosphere
that controls the way in which silicon sublimates. This process produces epitaxial
graphene with dimensions dependent upon the size of the SiC substrate. Li et al [88]
reported the growth of large-area graphene films of the order of centimeters on copper
substrates by chemical vapor deposition using methane. The low solubility of carbon in
copper appears to help make this growth process self-limiting. Graphene can also be
grown from metal-carbon melts. S. Amini et al [89] dissolved carbon inside a molten
metal at a specified temperature and then allowing the dissolved carbon to nucleate and
grow on top of the melt at a lower temperature.
Graphene has a number of properties which makes it interesting for several different
applications. It is an ultimately thin, mechanically very strong, transparent and flexible
conductor. Its conductivity can be modified over a large range either by chemical
doping or by an electric field. Since graphene is a transparent conductor it can be used in
applications such as touch screens, light panels and solar cells. The quantum hall effect
in graphene could also possibly contribute to an even more accurate resistance standard
in metrology. New types of composite materials based on graphene with great strength
and low weight could also become interesting for use in satellites and aircraft [90-93].
1.3. Summary
With the continuous global population increase and economic development, one of
the major challenges posed is the providing of more energy with limiting greenhouse
gas emissions. Consumption of fossil fuels produces CO2, CxHy, NOx, SOx and other
products which result in global warming and acid rain. Other resources like wind, solar
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and bio seem difficult to be the major energy sources in the near future because of their
high cost and immature technology. Nuclear energy is another alternative, however, its
safety concerns raised again after the Fukushima nuclear accident in Japan caused by
earthquake.
As a clean, effective, and environmental benign energy, hydrogen appears to be one
of the most promising energy. The present commercial production of hydrogen is
mainly based on steam reforming and partial oxidation of hydrocarbons. However, to
obtain high purity hydrogen from these methods, separation of COx and other gas from
H2 is required, which increase the operation cost. Besides, these methods actually have
no environmental advantage because the CO2 emission is just be shifted from end use to
an earlier production step.
The method of thermally or thermocatalytically crack CH4 into carbon and H2 has
recently attracted the attentions of researchers. The process theoretically does not
produce CO or CO2 as byproducts, so the need for COx-removal as required in
conventional hydrogen production methods is eliminated. Besides, the carbon by-
products can be stored in solid form instead be released into atmosphere in the form of
CO2. If the produced carbons are nanocarbon materials which have commercial values,
the overall economy of this method can be even greatly increased.
Since the discovery of fullerene in 1985, nanocarbon materials started to attract the
attention of many researchers in the world and several other nanocarbons like carbon
nanotubes, single wall carbon nanohorns and graphene have consecutively been
discovered. The unique structure of nanocarbon materials and their fascinating physical
and chemical properties imply a great potential in nanoscience and in technological
applications. Nanocarbons with inherent large surface area, thermal stability, high
electronic conductivity and specific nano-geometry are expected to be promising
materials as catalyst supports [94-97]. It has been reported that SWCNHs have excellent
catalyst support-effect for water formation reaction [98] and CH4 decomposition [99] in
case of Pd catalyst.
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In this thesis, we investigated the catalytic activities of M dispersed single wall
carbon nanohorn (M/SWCNH, M = Ni, Co, Fe, Cu) on CH4 decomposition reactions.
The outlines of the thesis are summarized as follows.
In Chapter 1, the most frequently studied H2 production method at present are
discussed. These methods include steaming reforming, partial oxidation, coal
gasification, methane decomposition, electrolytic processes and photolytic processes.
From the point view of economy, energy and environment, methane decomposition
method seems to be the most promising one in near future. As nanocarbon materials are
excellent catalyst supports in many reactions, nanocarbons like fullerene, carbon
nanotube, single wall carbon nanohorn and graphene are discussed in their history
background, structure, synthesis method, properties and application. In this study we use
single wall carbon nanohorn as catalyst support from CH4 decomposition. In Chapter 2,
characterization method to catalysts and carbon nanomaterials are introduced. Nitrogen
adsorption at 77 K, thermogravimetry, X-ray diffraction, X-ray photoelectron
spectroscopy, scanning electron microscope, transmission electron microscope and
Raman spectroscopy are discussed in fundamental theory and application. Chapter 3
mainly discussed the pretreatment condition of metal dispersed single walled carbon
nanohorn on CH4 decomposition reaction and the mechanism of catalyst deactivation. In
Chapter 4, Ni/SWCNH with high catalytic activity toward CH4 decomposition into cup-
stacked carbon nanotubes and hydrogen was studied. XPS analysis was conducted on
Ni/SWCNH pretreated with different methods. Durability of CH4 conversion activities
of Ni/SWCNH-1/50 at different temperatures was compared. Temperature programmed
decomposition of CH4 over 5 different Ni/carbon catalysts and Ni/Al2O3 were studied,
the detailed structure of newly-grown carbon was observed by HR-TEM. In Chapter 5,
the discussion and results of each chapter are concluded.
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Chapter 2
- Fundamental Theory -
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2.1. Porosity Analysis
The porosity of a solid material is a crucial property which determines its application
in gas storage [1, 2], electronic devices [3, 4], catalysts or catalyst supports [5, 6], and
for environmental technologies such as removal of pollutants. IUPAC classified pores
into micropores, mesopores, and macropores according to pore width as follows.
Micropores w < 2 nm
Mesopores 2 nm < w < 50 nm
Macropores 50 nm < w
2.1.1. Adsorption Isotherms
Adsorption is a surface phenomenon which occurs when a solid surface is exposed to
a gas or liquid, it is defined as the enrichment of material or increase in the density of
the fluid in the vicinity of an interface. Porosity of powders and other porous solids can
be characterized by gas adsorption studies [7, 8]. For the evaluation of the porosity of
most solid materials, nitrogen at 77 K is the most suitable adsorbate.
Figure 2-1. IUPAC classification of sorption isotherms [9].
An understanding of the surface area and porosity of an adsorbent can be achieved by
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the analysis of an adsorption isotherm. Brunauer, Deming, Deming and Teller proposed
a classification of the adsorption isotherms on the vapor into five types called BDDT
classification in 1940 [10]. In addition, Sing proposed the step like adsorption isotherm
[9]. The classification of this six type adsorption isotherm on the vapor is accepted by
the IUPAC shown in Figure 2-1 [9].
TypeⅠisotherm is also called Langmuir isotherm. Type I isotherm is obtained when
adsorption is limited to only a few molecular layers at most. This condition is
encountered in chemisorption or specific physical adsorption with microporous
adsorbents. At lower relative pressure the predominant process is micropores filling.
TypeⅡisotherms are typically obtained in case of monolayer-multilayer adsorption
on a non-porous or macroporous adsorbent, the knee of the Type Ⅱisotherm, called
point B, is usually considered as the turning point of completion of monolayer formation
and beginning of the multilayer adsorption.
Type Ⅲ isotherms are obtained when the interaction between the adsorbates and
adsorbents are smaller than those of adsorbates. The isotherm is convex to the P/P0 axis
over its entire range isotherms. This type of isotherms are not common, one example is
the adsorption of water vapor on the clean basal plane of graphite.
Type Ⅳ isotherms are typical for mesoporous materials. The most characteristic
feature of the Type Ⅳ isotherm is the hysteresis loop, which related to the capillary
condensation phenomena. Low pressure region of Type Ⅳ isotherm is same as Type Ⅱ
isotherm.
Type Ⅴ isotherm also exhibits a hysteresis loop, which is associated with the
mechanism of pore filling and emptying. Comparing with Type Ⅳ isotherm, Type Ⅴ
isotherm is initially convex to the P/P0 axis, which is indicative of weak adsorbent-
adsorbate interactions.
Type Ⅵ isotherm is called the stepwise isotherm. This kind of isotherm is obtained
from stepwise multilayer adsorption on a uniform, non-porous surface, particularly by
spherically symmetrical, non-polar adsorptives [11]. Kr adsorption on the perfect
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graphite shows such kind of stepwise isotherm.
2.1.2. Analysis Methods of Adsorption Isotherms
In this section, typical analysis methods of adsorption isotherms like BET method and
SPE method are described.
2.1.2.1. The Brunauer, Emmett, and Teller (BET) Theory [8, 12, 13]
BET theory is the most widely used procedure for the determination of the surface
area of solid materials. It is an extended Langmuir model which based on that the
multilayer adsorption is occurred on the solid surface. There are several basic
assumptions for this theory, such as “Localized adsorption occurs on an array of surface
sites of uniform energy”, “Molecules in the first layer act as sites for molecules in the
second and higher layers”, “The evaporation and condensation properties of all layers
above the first are very similar to those of liquid adsorptive”, and “The adsorbate-
adsorbate interaction and the adsorbate above the first layer interaction are neglected”.
The final equation of BET routinely used can be expressed by
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in which W is the weight of gas adsorbed at a relative pressure P0 and Wm is the weight
of adsorbate constituting a monolayer of surface coverage. The term C is related to the
energy of adsorption in the first adsorbed layer and consequently its value is an
indication of the magnitude of the adsorbent/adsorbate interactions. This equation
requires a linear function between 1/[W(P0/P) -1] vs P/P0 in the relative pressure of 0.05
to 0.35. This leaner region sometimes shifts to the lower relative pressure for
microporous materials [14].
2.1.2.2. αs Method [8, 12, 13]
Sing proposed an empirical method for determining nanoporosity which is similar to
the t-plot method. This method can be achieved by comparing a given isotherm to a
standard curve, thus the invoking the concept of a statistical thickness t is not required.
Sing defined the αs value as the relative adsorption amount of a standard reference
sample,
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Where A means the adsorption amount of the sample while A0.4 means the amount
adsorbed at fixed pressure (P/P0)s=0.4.
The normalized adsorption αs obtained is plotted against P/P0, to obtain a standard αs-
curve instead of t-curve. The αs-curve can be then used to construct an αs-plot from the
isotherm of a test sample. To estimate the specific surface area (A) of a test sample, we
calculate from using the slope (S) of the αs-plot as follows
)(
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α (3)
Where the A (reference) is the specific surface area estimated by other methods such
as BET.
The αs method in principle allows a more direct comparison between actual and
nonporous reference isotherms, thus this method can solve the problem of t-plot method.
Besides, the αs method has found use for the determination of micropore volumes by
extrapolation of αs curves to αs = 0, and for the determination of nonporous surface area
contributions by qualitative comparison of actual isotherms with judiciously selected
reference isotherms. The drawback of this method is that, the αs method is found to
depend on the exact nature of the material chosen as nonporous reference, complications
arise when the nonporous reference material isn’t rightly chosen.
2.2. X-Ray Diffraction (XRD)
X-rays were discovered by Wilhelm Conrad Röntgen in 1895, it can be generated
from a beam of energetic electrons directing onto a solid target (Copper, Molybdenum,
etc). The nature of X-ray is a form of electromagnetic radiation with wavelength in the
range of 0.01 to 10 nanometers, corresponding to frequencies in the range from 3×1016
Hz to 3×1019 Hz. They are shorter in wavelength than UV rays and longer than γ rays.
Due to its special property, X-ray has an extensive application in many areas.
X-ray diffraction is a method of determining the arrangement of atoms within a
crystal. When a crystal is mounted and exposed to an intense beam of X-rays, it scatters
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the X-rays into a pattern of spots or reflections that can be observed. The relative
intensities of these spots provide the information to determine the arrangement of
molecules within the crystal in atomic detail.
Figure 2-2. Illustration of the geometry used for the simplified derivation of
Bragg’s law [15].
The easiest access to the structural information in powder diffraction is via the well-
known Bragg equation, which describes the principle of X-ray diffraction in terms of a
reflection of X-rays by sets of lattice planes. Lattice planes are crystallographic planes,
characterized by the index triplet hkl, the so-called Miller indices. Parallel planes have
the same indices and are equally spaced, separated by the distance d
hkl
. Since all X-rays
are reflected in the same direction, superposition of the scattered rays occurs. The
occurrence of constructive interference is determined by Bragg’s law:
nλ = 2dsinθ (4)
here d is the spacing between diffraction planes, θ is the incident angle, n is any integer,
λ is the wavelength of the beam.
Each kind of crystal has several identical X-ray diffraction peaks. By comparing the
diffraction data against a database the composition of an unknown substance can be
identified [16, 17].
The peak width of a specific phase of a material relates to the mean crystalline size of
that material. They are explained by Sherrer’s Equation [18]
θ
λ
cosB
K
L = (5)
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Where L is crystalline size, K is a constant, B is the width of the peak at half
maximum intensity, respectively. With this equation the average crystallite size can be
calculated.
2.3. X-Ray Photoelectron Spectroscopy (XPS) [19, 20]
XPS is based on the principle that X-rays hitting atoms generate photoelectrons. By
measuring the number of these electrons as a function of kinetic (or binding) energy, an
XPS spectrum is obtained. XPS is a typical example of a surface-sensitive technique,
which can be used to measure the elemental composition, empirical formula, chemical
state and electronic state of the elements that exist within a material.
Figure 2-3. Schematic representation of the XPS process.
Irradiating a material with a beam of X-rays gives rise to the emission of electrons.
The energy of the emitted photoelectrons can be analyzed by the electron spectrometer
and the data presented as a graph of intensity versus electron energy - the X-ray induced
photoelectron spectrum can be obtained. The XPS process is schematically represented
in Figure 2-3 for the emission of an electron from the 1s shell of an atom.
The kinetic energy (EK) of the electron is the experimental quantity measured by the
spectrometer, which depends on the energy hν of the primary X-ray source. The
characteristic parameter for the electron is its binding energy. The electron binding
energy of each of the emitted electrons can be determined by using an equation:
EB = hv - EK – W (6)
where hv is the photon energy, EK is the kinetic energy of the electron, and W is the
spectrometer work function. As all three quantities on the right-hand side of the
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equation are known or measurable, it is a simple matter to calculate the binding energy
of the electron.
Binding energies of photoelectrons depend on the chemical environment of the atoms.
Accurate measurement of the exact peak position of the elements present gives
information on the chemical state of these elements.
2.4. Scanning Electron Microscopy (SEM) [21, 22]
Electron microscopes are scientific instruments that use a beam of energetic electrons
to examine objects on a very fine scale. Electron microscopes were developed due to the
limitations of light microscopes which are limited by the wavelength of light.
When an electron beam interacts with the atoms in a sample, individual incident
electrons undergo two types of scattering, which are elastic scattering and inelastic
scattering. In the former, only the trajectory changes while the kinetic energy and
velocity remain constant. In case of inelastic scattering, some incident electrons will
collide with and displace electrons from their original orbits. This interaction makes
electron microscopy possible. The interactions (inelastic) happened on the top side of
the diagram are utilized for Scanning Electron Microscopy (SEM) while on the bottom
side are utilized for Transmission Electron Microscopy (TEM).
SEM is a kind of technique which uses a focused electron probe to extract structural
information point-by-point from a sample surface. When a beam of electrons are ejected
to a sample, the electrons lose energy by repeated random scattering and absorption
within the sample. Secondary electrons are produced when an incident electron excites
an electron in the sample and loses most of its energy in the process. The excited
electron moves towards the surface of the sample undergoing elastic and inelastic
collisions until it reaches the surface, where it can escape if it still has sufficient energy.
Due to their low energy ( < 50 eV) and very near to the surface ( < 10 nm), these
electrons can be collected and detected. Any changes in topography in the sample that
are larger than this sampling depth will change the yield of secondary electrons due to
collection efficiencies. Electronic amplifiers are used to amplify the signals, which are
displayed as variations in brightness on a computer monitor, and the resulting image is
- 34 -
therefore a distribution map of the intensity of the signal being emitted from the scanned
area of the specimen.
The magnification of a SEM can reach to about 500,000 times. The high spatial
resolution of an SEM makes it a powerful tool to characterize a wide range of specimens
at the nanometer to micrometer length scales.
2.5. Transmission Electron Microscopy (TEM) [21, 23, 24]
Different from scanning electron microscope (SEM), which generates an image with
the help of secondary electrons that gives the viewer the impression of three dimensions,
Transmission Electron Microscopy (TEM) is based on the electron microscope projects
electrons through an ultrathin slice of the specimen and produces a two dimensional
image. TEM has the advantage over SEM that cellular structures of the specimen can be
viewed at very high magnifications.
A TEM consists of three stage of lensing, those are condenser lenses, the objective
lenses, and the projector lenses. The condenser lenses are responsible for primary beam
formation. The projected electron beam is confined by the two condenser lenses which
also control the brightness of the beam, passes the condenser aperture and “hits” the
sample surface. The transmitted beams are elastically scattered electrons, which pass
through the objective lens. The objective lens forms the image display and the following
objective apertures are used to choose of the elastically scattered electrons that will form
the image of the microscope. Finally, the beam goes to some intermediate lenses and
projected lenses, magnify the image or the diffraction pattern on the screen.
TEM can examine the fine detail of a sample, even as small as a single column of
atoms. It forms a major analysis method in a range of scientific fields, in both physical
and biological science.
2.6. Raman Spectroscopy [25, 26]
Raman spectroscopy is a spectroscopic technique used to study vibrational, rotational,
and other low-frequency modes in a system in condensed matter physics and chemistry.
It is based on inelastic scattering, or Raman scattering, of monochromatic light. In
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Raman scattering, scattered photons have a different energy with the incomming
photons, the energy difference is equal to the energy of a transition, which can be
electronic, rotational and vibrational. The shift in laser photons energy gives information
about the vibrational modes in the system.
In order to convert between spectral wavelength and wavenumbers of shift in the
Raman spectrum, the following formula can be used:
⎟
⎟
⎠
⎞
⎜
⎜
⎝
⎛
=∆
λλ
ω
10
11
— (7)
Since vibrational information is specific to the chemical bonds and symmetry of
molecules, Raman spectroscopy can provide a fingerprint by which molecules can be
identified, which has wide application in studies of organic molecules, biological
molecules and solid sate physics. In nanocarbon research field, Raman spectrometer can
be used to discriminate between graphite and amorphous carbon. Graphite gives G-band
and amorphous carbon gives D-band in Raman spectrum. Besides, in single-walled
carbon naotubes, RBM band can be observed in Raman spectrometer which related to
that all the carbon atoms are moving in-phase in the radial direction.
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Chapter 3
- The Effect of Pretreatment Condition of
Metal Dispersed SWCNH on their
Performance in CH4 Decomposition -
- 39 -
3.1. Introduction
Global warming issue has increased the necessity of the hydrogen economy. There is
a need to accelerate the technological growth of production and storage of H2 by
strengthening the related fundamental sciences. Natural gas is the key resource for H2
and thereby energy-saving hydrogen production from CH4 must be developed. Direct
decomposition of CH4 into H2 and carbon is the most thermodynamically favorable
route. Many researchers have proposed Co, Fe, Ni, Pd, Cu or their alloys supported on
TiO2, Al2O3, SiO2, MgO, carbon fibers or their mixture as promising catalysts for the
CH4 decomposition into H2 and carbon [1-7]. In particular transitional metal catalysts
must be revisited due to a serious shortage of minor metals, such as Pd and Pt being
excellent catalysts.
In catalytic CH4 decomposition reactions, pretreatment condition is critical for the
catalytical performance. The thermal treatment of Ni nitrate loaded on metal oxide
support produces Ni oxide, which can be directly used as catalyst for CH4
decomposition [8], and Ni oxide can be reduced into metallic state by CH4 at high
temperature. However, this H2 production process is accompanied by traceable COx
formation. Commonly the Ni oxide is required to be reduced into metallic state with H2
at high temperature before be used as catalyst, but this process consumes significant
amount of H2, which is the target product we want to obtain. It is reported that thermal
treatment of Ni acetate dispersed on silica supports resulted in an autocatalytically
reduced catalyst Ni0/NiO [9], which is active for the decomposition of CH4 [10], but the
COx formation is still involved in the beginning 30 min of reaction.
Carbon materials also show excellent catalyst support effect in CH4 decomposition [5,
11, 12]. As carbon support itself can act as reductant in reducing metal oxide into
metallic metal at high temperature, the pretreatment of catalyst without H2 become
possible and the overall economy of this method can be greatly improved. In this work
we used transitional metals (M) dispersed single wall carbon nanohorn (M/SWCNH,
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M=Fe, Co, Ni, Cu) as catalyst, the effect of catalyst pretreatment condition on CH4
decomposition reactions was investigated, and the mechanism of catalyst deactivation is
also discussed.
3.2. Experimental
3.2.1. Catalyst Preparation
Metal nanoparticle dispersed on SWCNHs were prepared by incipient wetness
impregnation method [13-15] with ethanol solution of Ni(NO3)2·6H2O, Co(NO3)2·6H2O,
Fe(NO3)3·9H2O and Cu(NO3)2·3H2O (all reagents supplied by Wako Chemicals). We
used SWCNH supplied by NEC Co. as the catalyst support. The catalyst was prepared
taking as a base 12 mg of support (corresponding to 1 mmol for carbon support), metal
to carbon ratio being adjusted to any desired value. The catalyst nomenclature is
expressed using the metal substance, support, and the molar ratio of metal in respect of
the support. Thus, sample M/SWCNH-1/50 corresponds to the metal M supported on
SWCNH with a molar ratio of metal to SWCNH of 1/50. The impregnated samples were
dried at 353 K for 12 h and then the samples were ground for use. The metal content in
prepared catalysts was determined by thermogravimetric analysis (TGA: Thermo Plus
TG 8120) in a 300 ml min-1 air flow from 303 K to 1173 K.
Figure 3-1(a) shows the TG curves of the original SWCNH support and Ni-dispersed
SWCNH catalyst. SWCNH without Ni starts to burn around 750 K and completely
burns at 1050 K without leaving any residue, whereas the weight loss for Ni-dispersed
SWCNH samples occurs suddenly at around 650 K. The weight loss of Ni-dispersed
SWCNH up to 650 K is related to the decomposition of Ni nitrite deposited on SWCNH.
Moreover, the slower weight losses of all SWCNH samples over 800 K are assigned to
the combustion of residual graphitic carbons in the SWCNH assembly [16]. The residue,
which was taken as NiO, can be used to determine the Ni content in each sample. The
Ni loading of Ni/SWCNH-1/50, Ni/SWCNH-1/75, Ni/SWCNH-1/100 are 7.2, 5.7 and
3.9wt% respectively, being close to the contents of 7.3, 6.0 and 4.3wt% deduced from
the original Ni solutions. The TG curve for Ni-dispersed SWCNH catalysts after
- 41 -
pretreatment in helium at 673 K shown in Figure 3-1(b) don’t show weight loss below
620 K and consequently the weight loss below 620 K in Figure 3-1(a) is attributed to the
dehydration and decomposition of Ni nitrate.
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Figure 3-1. Thermogravimetric curves of (a) Ni nitrates on SWCNH and (b) Ni/SWCNH after
pretreatment in helium at 673 K. Original SWCNH: black, Ni/SWCNH-1/50: red, Ni/SWCNH-
1/75: blue, Ni/SWCNH-1/100: green.
3.2.2. Catalyst Characterization
The temperature programmed decomposition and reaction (TPDR) of metal catalysts
deposited on SWCNH was measured by an online mass spectrometer (Q-MASS: Ulvac
REGA201). The catalysts were heated in pure He stream at 25 mL min-1 from 303 K to
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1200 K at a heating rate of 3 K min-1; the m/z intensities at 28 (CO or N2), 30 (NO), 44
(CO2 or N2O) in the out flow gas were recorded during the reaction. The structures of
catalysts after the CH4 decomposition reaction were observed by a high-resolution
transmission electron microscope (HR-TEM: JEOL JEM-2100).
3.2.3. CH4 Decomposition Activity Measurement
Scheme 3-1. Flow chart of fixed bed reactor system equipped with on-line mass spectrometer
Temperature programmed CH4 decomposition reactions were performed in a fixed
bed reactor system equipped with on-line mass spectrometer (Q-MASS: Ulvac
REGA201), as shown in Scheme 3-1. Prior to the reaction, the catalyst was packed in
the reaction tube with quartz wool fixed at each end; then the catalyst was heated under
a flow of pure He or 20% H2/He (40 ml min-1) at different temperatures, with varying
pretreatment time. Subsequently, the sample was purged by helium during cooling down
to 303 K. The reaction was carried out by feeding 10% CH4 diluted with He at a total
flow rate of 25 mL min-1. The temperature was elevated from 303 K to 1200 K at a
- 43 -
heating rate of 3 K min-1, during which the m/z intensities at 2 (H2), 16 (CH4), 28 (CO)
and 44 (CO2) in the outflow gas were recorded by the online mass spectrometer. The
CH4 conversion rate was determined from the H2 concentration in the outlet stream.
3.3. Results and Discussion
3.3.1. Temperature Programmed Decomposition and Reaction (TPDR)
of Metal Catalysts Deposited on SWCNH
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Figure 3-2. TPDR profiles of Ni, Co and Fe catalysts deposited on SWCNH. Ni/SWCNH-1/50:
Black, Co/SWCNH-1/25: Red, Fe/SWCNH-1/25: Blue. (a) m/z = 30, (b) m/z = 44, (c) m/z = 28.
Pyrolysis of metal nitrate hydrate will produce gases like NO, NO2, H2O, O2 [17, 18]
and so on. Figure 3-2 shows the evolution of molecules during TPDR of metal catalysts
- 44 -
deposited on SWCNH with m/z =30, 44, 28, which are corresponding to NO (30), CO2
(44) and CO (28). Figure 3-2a shows the mass curve with m/z =30, which is NO
produced from the pyrolysis of metal nitrate. NO start to be evolved at 510 K, 470 K
and 440K for Ni/SWCNH, Co/SWCNH and Fe/SWCNH, respectively, reaching the
maximum at 570 K, 520 K and 490 K with the drastic depression beyond the maximum.
The intensity of signals are following the order of Ni/SWCNH > Co/SWCNH >
Fe/SWCNH. The decomposition of Fe(NO3)2 may be in favor of producing other kinds
of nitrogen-contained compounds, leading to less NO evolution amount.
For the mass curves of m/z = 44, there are two distinct gas evolution peaks for
Ni/SWCNH and Co/SWCNH, while only one for Fe/SWCNH, and which is much
smaller. As all peaks started at the same temperatures as those of m/z = 28, indicating
that these first evolution peaks can be assigned to the pyrolysis of metal nitrate, which
could be N2O from the decomposition of metal nitrates, and/or CO2 from reaction
between carbon support and O2 produced from nitrate pyrolysis. The higher temperature
evolution peaks of Ni/SWCNH and Co/SWCNH are partly overlapped with their first
one, which could be CO2 from redox reaction between the carbon atoms on SWCNH
and metal oxide. For Fe/SWCNH there is no second evolution peak, indicating the redox
reaction between the carbon and FexOy may produce only CO.
For the mass curves of m/z = 28, there are also two gas evolution peaks for
Ni/SWCNH and Co/SWCNH. The starting temperature of first peaks are close to those
at m/z = 30 and m/z = 44, which could be N2 from the decomposition of nitrates, and/or
CO from the reaction of carbon support and newly produced O2. The higher temperature
peaks are at around 700 K and 800 K for Ni/SWCNH and Co/SWCNH, respectively,
which could be CO from the redox reaction between carbon support and metal oxide. As
to Fe/SWCNH, there is a low and smooth peak begins at around 480 K, which is similar
to that of m/z = 30, could be N2 from the decomposition of nitrates, and/or CO from the
reaction of carbon support and newly produced O2. At around 950 K, there is a big
evolution peak which is CO from the redox reaction between carbon support and metal
oxide. The redox reaction between metal oxide and carbon support, which produces CO2
- 45 -
and CO, results in the reduction of metal oxide, being a self-reduction process of
catalysts. The metallic state of catalysts is confirmed by XPS experiment will be shown
in the following sections.
Based on the results of TPDR of metal nitrates on SWCNH, three kinds of
pretreatment for catalytic activity measurement were employed. (1) Thermal treatment
in He at 673 K for 1 hour, which considered to be a condition sufficient for metal nitrite
decomposition on SWCNH but insufficient for redox reaction of metal oxide and carbon
support. (2) Reduction in 20% H2/He at 673 K for 40 minutes. (3) Thermal treatment in
He at high temperatures which considered to be sufficient for the redox reactions of
metal oxides and carbon support, that is 773 K for Ni/SWCNH, 873 K for Co/SWCNH
and 1053 K for Fe/SWCNH, respectively.
3.3.2. Optimum Conditions for Catalytic CH4 Decomposition
The temperature programmed decomposition profiles of CH4 over transition metal
dispersed SWCNH samples reduced at 673K are shown in Figure 3-3. All catalysts are
prepared with a metal-to-carbon ratio of 1/25, except for Ni/SWCNH, because
Ni/SWCNH shows much higher activity than the others. Then Ni/SWCNH-1/50 is
shown in Figure 3-3. The decomposition of CH4 over Ni/SWCNH and Co/SWCNH
begins around 560 K and reaches the maximum at 820 K and 780 K, respectively. CH4
decomposition begins around 770 K for Fe/SWCNH and reaches the maximum at 910 K.
The CH4 conversion drastically decreases beyond the peak temperature for all catalysts
as a consequence of catalyst deactivation due to aggregation of the metal catalysts and
coating of the metal particles with carbon derived from CH4, and details of catalyst
deactivation will be discussed in the following chapter. On the other hand, Cu/SWCNH
shows very weak catalytic activity toward CH4 decomposition below 1200 K. The CH4
decomposition activity decreases in the order Ni/SWCNH >> Co/SWCNH >
Fe/SWCNH >> Cu/SWCNH. For this reason the effect of metal loading and preparation
condition on the CH4 decomposition conversion and on evolution of COx (x = 1 and 2)
was examined in detail for Ni/SWCNH, Co/SWCNH and Fe/SWCNH catalysts.
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Figure 3-3. Temperature programmed CH4 decomposition profiles over transitional metal
dispersed SWCNH reduced at 673 K in 20% H2/He for 40 min. Ni/SWCNH-1/50: Black,
Co/SWCNH-1/25: Red, Fe/SWCNH-1/25: Blue, Cu/SWCNH-1/25: Green. Here Ni content is a
half of other metals.
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Figure 3-4. Temperature programmed CH4 decomposition profiles over Ni/SWCNH of
different Ni loading. Ni/carbon: (a) 1/50, (b) 1/75, (c) 1/100.
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Figure 3-5. Temperature programmed CH4 decomposition profiles over Ni/SWCNH-1/50
prepared at different heating atmospheres. (a) in He at 673 K for 1 h, (b) in 20% H2/He at
673K for 40 min, (c) in He at 773 K for 1 h.
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Figure 3-6. Temperature programmed CO2 and CO evolution profiles over Ni/SWCNH-1/25
prepared at different heating atmospheres. (a) in He at 673 K for 1 h, (b) in 20% H2/He at
673K for 40 min, (c) in He at 1053 K for 40 min.
Figure 3-4 shows the CH4 conversion profiles of Ni/SWCNH catalysts with different
Ni loading prepared by heating the Ni nitrate at 673 K under He. The increase in Ni
loading leads to a marked increase of the CH4 decomposition reactivity. The CH4
decomposition activity of Ni/SWCNH-1/50 did not depend on the reduction conditions
(heating in He at 673 K, 773K and 20% H2/He at 673K), as shown in Figure 3-5. The
merit of Ni/SWCNH is the production of pure H2, as shown in Figure 3-6 (left), where
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the CO evolution profiles for Ni/SWCNH catalysts prepared at different conditions are
seen to be featureless even using the maximum sensitivity of the detector. Furthermore,
no CO2 was detected, as shown in Figure 3-6 (right). Accordingly Ni/SWCNH could be
a promising catalyst for the production of pure H2 from CH4.
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Figure 3-7. Temperature programmed CH4 decomposition profiles over Co/SWCNH of
different Co loading. Co/carbon: (a) 1/25, (b) 1/50, (c) 1/100.
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Figure 3-8. Temperature programmed CH4 decomposition profiles over Co/SWCNH-1/25
prepared at different heating atmospheres. (a) in He at 673 K for 1 h, (b) in 20% H2/He at
673K for 40 min, (c) in He at 873 K for 40 min.
Figure 3-7 shows the CH4 conversion over the Co/SWCNH catalysts with different
Co loading prepared by heating of Co nitrates at 673 K in He. It can be seen that the H2
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evolution increases dramatically with the increase in Co loading. The preparation
condition of Co catalyst was examined for Co/SWCNH-1/25 in detail. Reduction of Co
nitrate in 20% H2/He at 673 K and in He at 873 K lowered the decomposition
temperature to 600 K. However, these two preparation conditions gave a much smaller
conversion of CH4 than the Co catalyst prepared at 673 K, as shown in Figure 3-8.
Co/SWCNH is not adequate for the production of pure H2 when compared with
Ni/SWCNH.
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Figure 3-9. Temperature programmed CO2 and CO evolution profiles over Co/SWCNH-1/25
prepared at different heating atmospheres. (a) in He at 673 K for 1 h, (b) in 20% H2/He at
673K for 40 min, (c) in He at 873 K for 40 min.
Figure 3-9 shows the evolution profiles for CO and CO2 on Co/SWCNH prepared at
different conditions, Co/SWCNH prepared in He at 673 K produces both CO and CO2, a
rather different behavior from Ni/SWCNH. On the other hand, even Co/SWCNH
prepared in more drastic reducing conditions such as 20% H2/He at 673 K and He at 873
K produces CO, although no CO2 is evolved.
As the starting of CH4 decomposition over Co/SWCNH-1/25 is accompanied by the
evolution of CO and CO2, it can be deduced that only metallic state Co can start the
reaction for methane decomposition, while oxidized state Co need to be reduced into
metallic state to perform the activity. This assumption is also supported by the result of
methane decomposition over the Co/SWCNH catalyst treated with hydrogen reduction,
which shows a much lower starting temperature at around 723 K for H2 formation. It
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need be noted that there is a distinct CO evolution accompanied with the CH4
decomposition over Co/SWCNH reduced by H2, indicating this catalyst still contains
metal oxide which has not been fully reduced into metallic state.
One interesting phenomenon is that the starting temperature of CO emission on H2
reduced Co/SWCNH catalyst is lower than that on Co/SWCNH catalyst with 673K
thermal treating. The reason could be that, CH4 decomposition and carbon deposition
occur at a lower temperature on H2 reduced Co/SWCNH (on which Co is in the form of
Co0 and CoxOy) than on 673 K treated Co/SWCNH (on which Co is in the form of
CoxOy), and the newly grown carbon from methane decomposition have a lower redox
reaction temperature with CoxOy than methane, thus lead to the CO formation at a lower
temperature.
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Figure 3-10. Temperature programmed CH4 decomposition profiles over Fe/SWCNH of
different Co loading. Co/carbon: (a) 1/25, (b) 1/50, (c) 1/100.
Figure 3-10 ~ Figure 3-12 shows the CH4 conversion over the Fe/SWCNH catalysts
with different Fe loading, CH4 conversion over the Fe/SWCNH catalysts with different
preparation condition and the in situ CO and CO2 evolution, respectively. Similar to
Co/SWCNH, the H2 evolution over Fe/SWCNH increases dramatically with the increase
in Fe loading, the reduction of Fe nitrate in 20% H2/He at 673 K and in He at 1053 K
lowered the decomposition temperature. Also, Fe/SWCNH prepared in He at 673 K
produces CO and traceable CO2, the starting temperature of CO emission on H2 reduced
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Fe/SWCNH catalyst is lower than that on Fe/SWCNH catalyst with 673K thermal
treating, and Fe/SWCNH prepared in more drastic reducing conditions such as 20%
H2/He at 673 K and He at 1053 K produces CO, although no CO2 is evolved.
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Figure 3-11. Temperature programmed CH4 decomposition profiles over Fe/SWCNH-1/25
prepared at different heating atmospheres. (a) in He at 673 K for 1 h, (b) in 20% H2/He at
673K for 40 min, (c) in He at 1053 K for 40 min.
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Figure 3-12. Temperature programmed CO2 and CO evolution profiles over Fe/SWCNH-1/25
prepared at different heating atmospheres. (a) in He at 673 K for 1 h, (b) in 20% H2/He at
673K for 40 min, (c) in He at 1053 K for 40 min.
From above analysis it can be summarized that Ni/SWCNH catalysts show the highest
catalytic activity for pure H2 production of all catalysts prepared in this work. Also, the
Ni/SWCNH has much higher activity than Ni/Al2O3, as mentioned later. Consequently,
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detailed examination on CH4 decomposition over Ni/SWCNH and characterization of
the carbon products on CH4 decomposition are necessary.
3.3.3. Characterization of Carbon Products
(c)
(b)
(f)(e)
(a)
(d)
Figure 3-13. TEM images of newly grown carbon and Ni particles after temperature
programmed CH4 decomposition over Ni/SWCNH-1/50.
Figure 3-13(a) shows the nanotube structure filaments grown from the CH4
decomposition. The Ni particles were located at the tips of these filaments, and the
diameters of the Ni particles were almost same as those of the growing filaments. Figure
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3-13(b) shows the aggregated large Ni particles at high temperature, which show no
activity in carbon filament growth. However, the deactivation of catalyst Ni/SWCNH is
not considered to be related to this type of catalyst aggregation. The small Ni particles
which merged into these large Ni aggregations are consider to be inactive at the
beginning of CH4 decomposition reaction, as there is no grown carbon filament grown
from the merged big one.
To understand the mechanism of catalyst deactivation in CH4 decomposition, first we
need to know the carbon filament growth mechanism through methane decomposition
over supported Ni catalysts. The generally accepted scheme is that [19-22], CH4 is
decomposed on the (100) and (110) facets of the metal surface into hydrogen and carbon
atoms with a simultaneous evolution of molecular hydrogen; the carbon atoms on the
metal surface diffuse to the other side of the metal particle through the surface or the
bulk, precipitating them as graphite layers on the (111) facets of the metal; the building
of graphite layers would grow carbon nanofibers that were composed of the stacked
cones of curved basal planes. The decomposition of methane must proceed steadily
when there is a balance among the decomposition rate of methane into carbon and
hydrogen atoms on one side of a metal particle, the rate of diffusion of carbon atoms,
and the rate of graphitization of carbon atoms at the other side of the metal particle. The
deactivation of the catalysts would result from imbalance among these rates.
Figure 3-13(c) and (d) show the collision of two Ni particles at the tip of each filament
and merged into a bigger one, leading to the deactivation of these two Ni particles.
Figure 3-13(e) and (f) show the encapsulation of Ni particles caused by rapid carbon
growth, which stopped the reaction by separating CH4 from Ni catalyst. There are also
many other mechanisms interpreted the catalyst deactivation. Avdeeva et al [23]
reported that the catalyst granules continuously swell due to the accumulation of carbon,
finally the catalyst is deactivated and represents a sponge like porous carbon with a
much larger size. Takenaka et al [24] reported that Ni/SiO2 can be deactivated by the
collision of an active Ni metal on the tip of a carbon fiber with other carbon fibers, as
well as by the coating of a Ni metal surface with deposited carbon layers, the collision
- 54 -
between the carbon filaments and/or the coating of a Ni metal surface with carbon
would cause the formation of a nickel carbide species, which has no catalytic activity for
CH4 decomposition.
3.4. Conclusions
In this work a series of methods were tested on pretreatment of catalysts. It is found
that the use of SWCNH as catalyst support can reduce the supported metal catalyst into
metallic state during simple thermal treatment without H2 reduction. Catalyst
Ni/SWCNH shows higher catalytic activity which also easier to be reduced than other
catalysts, being an excellent catalyst for the decomposition of CH4. During the reaction,
Ni catalysts deactivated due to the collision of two Ni particles or one Ni particle with
other carbon fibers, the encapsulation of Ni particles by carbon species, and the
formation of a nickel carbide species.
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Chapter 4
- Catalytic Activities of Ni Dispersed
SWCNH on CH4 Decomposition
Reaction -
- 58 -
4.1. Introduction
The choice of the catalyst support is crucial for an appropriate CH4 decomposition
catalyst. Nanocarbons are expected to show unique properties owing to their surface
specificity, such as large inherent surface area, thermal stability, high electronic
conductivity and specific nano-geometry [1-5]. Single wall carbon nanohorns
(SWCNH), which have a unique nanostructured assembly with a “Dahlia-flower”-like
feature [6], belongs to the family of single wall nanocarbons. SWCNHs are produced
without any metal catalyst, thus the chemical purity of which is very high,
correspondingly they can be used to show the activity of the target supported metal
catalyst [7, 8]. Additional merits of SWCNH for transition metal catalysts for CH4
decomposition can be expected: as SWCNHs exhibit n-type semiconductivity, the
reducing effect of SWCNH can preserve highly active zero-valent state of metallic
nanoparticles [9].
In the research field of H2 production from catalytic CH4 decomposition, the most
commonly used catalyst supports are metal oxides, such as SiO2, Al2O3, TiO2, CeO2.
However, it is reported that oxide supports tend to produce CO by the reaction of the
lattice oxygen with CH4 or deposited carbon during methane decomposition [10-12],
thus produced H2 with high purity can not be obtained. SWCNHs have much lower
oxygen content in its structure, which would not form COx and lead to COx-free H2 upon
CH4 decomposition.
This work describes the important role of SWCNHs as support for Ni catalysts with
high catalytic activity toward the CH4 decomposition reaction into cup-stacked carbon
nanotubes and hydrogen.
4.2. Experimental
4.2.1 Catalyst Preparation
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The catalyst preparation method is incipient wetness impregnation method, which is
same as that mentioned in last chapter. The catalyst was prepared taking as a base 12 mg
of support (corresponding to 1 mmol for carbon support), metal to carbon ratio being
adjusted to any desired value. Sample Ni/SWCNH-1/50 corresponds to that Ni
supported on SWCNH with a molar ratio of Ni to SWCNH of 1/50. For the sake of
comparison SWCNH is replaced by different supports: carbon black (32B, Mitsubishi),
three activated carbons (AC) (LMA23, LMA31, LMA46), and γ-alumina (13-2525,
Strem Chemicals). The impregnated samples were dried at 353 K for 12 h and then the
samples were ground for use.
4.2.2 Catalyst Characterization
Electronic states of dispersed metal particles were determined by X-ray photoelectron
spectroscopy (XPS: Kratos Axis-Ultra DLD) with Al Kα radiation. The applied voltage
and current were 15 kV and 15 mA. The surface cleaning of the catalyst sample before
the XPS measurement was carried out by Ar+ etching for 60 sec at 4 keV. The structures
of catalysts after the CH4 decomposition reaction were directly observed by a field
emission scanning electron microscope (FE-SEM: JEOL JSM-6330F) at an accelerating
voltage of 5 kV. For transmission electron microscopy analysis, the sample were
dispersed in ethanol solution and were suspended on a 400 mesh, 3.5 mm diameter Cu
grid, and images were taken using a high-resolution transmission electron microscope
(HR-TEM: JEOL JEM-4000EX) operated at 200 kV. The N2 adsorption isotherms were
measured in ASAP 2020 at 77 K. Before N2 adsorption, the samples were pre-evacuated
at 473 K for 3 h. The surface area and micropore volume were determined by the
subtracting pore effect (SPE) method using high resolution αs-plots of the N2 adsorption
isotherm [13, 14]. The surface area was also determined according to the Brunaur-
Emmett-Teller (BET) method in a relative pressure range of 0.05-0.35 for comparison,
although the BET method gives an overestimated value for pores of the pore width > 0.7
nm [13].
4.2.3 CH4 Decomposition Activity Measurement
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The CH4 decomposition reactions are same as that mentioned in last chapter. During
the CH4 decomposition reaction the m/z intensities at 2 (H2), 16 (CH4), 28 (CO) and 44
(CO2) in the outflow gas were recorded by the online mass spectrometer. The CH4
conversion rate was determined from the H2 concentration in the outlet stream.
4.3. Results and Discussion
4.3.1. Catalysts Characterization
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Figure 4-1. Nitrogen adsorption isotherms (77 K) of Ni/SWCNH with different Ni loading
amount. Catalysts were pretreated in He at 673 K for 1 h.
Table 4-1. Surface area and micropore volume of Ni/supports with different Ni loading amount.
Catalysts were pretreated in He at 673 K for 1 h.
SBET (m2/g) Sαs (m2/g) Vmicro (cm3/g)
SWCNH 360 435 0.09
Ni/SH-1/100 674 562 0.16
Ni/SH-1/75 715 588 0.17
Ni/SH-1/50 748 625 0.19
- 61 -
The N2 adsorption isotherms of original catalyst supports and Ni deposited catalysts
shown in Figure 4-1 were analyzed by the SPE and BET methods to give the surface
area and pore volume (Table 4-1). The surface area and micropore volume of the
catalysts increased evidently after deposition of Ni, and with higher Ni loading amount,
the surface area and micropore volume are higher. The proceeding studies showed that
oxidation of SWCNH produces nanowindows on the wall to increase both surface area
and micropore volume [15, 16].
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Figure 4-2. Nitrogen adsorption isotherms (77 K) of (a) original catalysts supports and (b) Ni
deposited catalysts (Ni : C = 1 : 50, in case of Ni/Al2O3, weight ratio of Ni was adjust to be equal
to other carbon based catalysts. Catalysts were pretreated in He at 673 K for 1 hour).
Figure 4-2 shows the N2 adsorption isotherms of Ni/SWCNH with different Ni
loading amount, and the surface area and pore volume were given in Table 4-2. The
large discrepancy between BET and SPE surface areas in porous carbons is observed.
As these carbon supports have micropores, the BET analysis overestimates the
monolayer capacity due to the enhanced N2-pore wall interaction. Activated carbon
LMA23 and LMA31 contain both microporous structure and mesoporous structure,
while LMA46 contains mainly microporous structure. On the other hand, microporosity
is negligible for SWCNH, carbon black and alumina. The selected catalyst supports
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show a diversity of porous structure. The surface area and micropore volume of the
supports other than SWCNH decreased due to the deposition of Ni. The observed
increase of surface area and micropore volume of Ni/SWCNH should be attributed to
the nanowindows formation on SWCNH by gasification reaction of carbon atoms
around the deposited Ni(NO3)2 [17, 18]. On the other hand, the deposited Ni(NO3)2 on
activated carbon should induce a partial collapse of the disordered linkage structure of
the nanoscale graphitic units and blocking of micropores, then the treatment of activated
carbon with Ni(NO3)2 reduces the porosity.
Table 4-2. Surface area and micropore volume of catalyst supports and Ni/supports-1/50 (In
case of Ni/Al2O3, weight ratio of Ni was adjusted to be equal to other carbon based catalysts.
Catalysts were pretreated in He at 673 K for 1 h).
SBET (m2/g) Sαs (m2/g) Vmicro(cm3/g)
Sample Without Ni With Ni Without Ni With Ni Without Ni With Ni
SWCNH 360 750 435 652 0.09 0.19
Carbon black 72 60 -- -- -- --
AC: LMA 23 1130 760 960 676 0.41 0.25
AC: LMA 31 875 660 800 620 0.33 0.25
AC: LMA 46 2800 2130 1930 1505 1.37 1.10
Al2O3 200 180 -- -- -- --
The HR-TEM images of Ni/SWCNH-1/50 pretreated at 673 K are shown in Figure 4-
3(a) ~ Figure 4-3(d). Ni particles are highly-dispersed on the assembly of SWCNHs.
The particle size distribution of catalysts is shown in Figure 4-3(e). The average Ni
particle size of the Ni/SWCNH-1/50 determined by Gaussian function is 3.7 ± 0.2 nm.
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Figure 4-3. TEM images and nanoparticle size distribution of catalyst Ni/SWCNH-1/50 after
pretreatment in helium at 673 K.
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Ni 2p (Before etching)
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Figure 4-4. Ni 2p3/2 XPS spectra of Ni/SWCNH-1/50 pretreated (a) in He at 673 K for 1 h, (b) in
20% H2/He at 673 K for 40 min, (c) in He at 773 K for 1 h. Valence states: Ni0 (bule), NiO
(green), Ni(OH)2 (pink), Ni2O3 (orange).
Figure 4-4 shows the deconvolution results of Ni 2p3/2 XPS spectra of as grown
SWCNH and Ni/SWCNH-1/50 pretreated under different conditions. The left column
shows the results measured with Ar etching and the right column show the
corresponding results measured without Ar etching. In the left column, spectrum has a
main peak at 853.0 eV with a wide tail in the higher binding energy region and a distinct
shake-up satellite peak around 860 eV. The main peak with the wide tail was
deconvoluted using the Voigt function after the background subtraction with Shirley
method [19]. The intensity and position of these satellite peaks usually are influenced by
the electronic structure around the atom [20, 21]. The binding energies of the
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deconvoluted Ni 2p3/2 peaks of Ni/SWCNH catalysts are at 853.0 eV, 854.2 eV, 855.7
eV, and 857.3 eV, which are assigned to metallic Ni, NiO, Ni(OH)2 and Ni2O3
respectively. The Ni 2p3/2 XPS spectra of Ni/SWCNH-1/50 catalysts measured without
Ar etching are shown in the right column of Figure 4-4, which have very different
deconvoluted peaks.
Table 4-3 lists the Ni content of different valence state in the Ni/SWCNH catalysts
measured with Ar etching and without Ar etching. For Ni/SWCNH catalysts measured
with Ar etching, the percentage of metallic Ni is the highest in all samples, Ni/SWCNH
heated at 673 K having the smallest value. The pretreated Ni/SWCNH samples were
exposed to air before measurement of XPS and consequently the content of metallic Ni
should be underestimated in the used catalyst. For Ni/SWCNH catalysts measured
without Ar etching, the percentage of metallic Ni in each sample is much lower than that
measured with Ar etching, and that of Ni(OH)2 is the highest in all samples. The binding
energies of each sample before and after Ar etching treatment are similar.
Table 4-3. Contents of different valence state of Ni in the Ni/SWCNH pretreatment in different
conditions. Ni/SWCNH-1/50 pretreated (a) in He at 673 K for 1 h, (b) in 20% H2/He at 673 K
for 40 min, (c) in He at 773 K for 1 h.
Ni0 NiO Ni(OH)2 Ni2O3
After
etching
Before
etching
After
etching
Before
etching
After
etching
Before
etching
After
etching
Before
etching
a 38% 14% 31% 25% 22% 44% 9% 17%
b 46% 7% 25% 28% 20% 51% 9% 14%
c 45% 12% 27% 29% 18% 43% 10% 16%
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Figure 4-5. Deconvolution results of C1s (left) and O1s (right) spectra of as grown SWCNH
and Ni/SWCNH-1/50 pretreated (a) in He at 673 K for 1 h, (b) in 20% H2/He at 673 K for 40
min, (c) in He at 773 K for 1 h.
Figure 4-5 shows the deconvolution results of C1s and O1s spectra of as grown
SWCNH and Ni/SWCNH-1/50 pretreated under different conditions. We can see the
strongest peak at 284.4 eV assigned to double bonding carbons for SWCNHs [22-24],
indicating 3-fold carbons with sp2 hybrid orbitals, which is designated as “C=C”. A sub-
peak at 285.5 eV is assigned to single bonding carbons, indicating 4-fold carbons with
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an sp3 hybrid orbital, which is designated as “C-C”. Some other subpeaks assigned to
oxygen-containing functional groups are also observed in the relatively high binding
energy region. They are C-O at 286.1 eV, C=O at 287.0 eV, and COO at 289.0 eV [25-
30]. A distinct decrease of COO peak can be detected after any of these three pretreating
conditions, indicating COO group can be decomposed at a high temperature. Also, the
shoulder in the spectrum of as grown SWCNH comes from “C-C” peak also diminished
after the pretreatment process. Figure 4-5 also shows the deconvolution results of O1s
XPS spectra. All O1s spectra consist of two peaks which are assigned to oxygen single
bonding (C-O; 533.8 eV) and double bonding (C=O; 532.4 eV) to carbon [25-27]. For
Ni/SWCNH-1/50, some subpeaks assigned to Ni-containing compounds can be
observed in the relatively lower binding energy region. They are NiO at 529.6 eV,
Ni(OH)2 at 531.1 eV, and Ni2O3 at 531.7 eV.
4.3.2. Catalytic Performance of Ni/SWCNH at Different Temperatures
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Figure 4-6. Durability of CH4 conversion activity of Ni/SWCNH-1/50 at different temperatures.
673 K: Black, 723 K: Red, 773 K: Blue, 823 K: Yellow, 873 K: Pink, 1173 K: Green. Reduction
condition of catalysts: 673 K in He for 1 h.
Figure 4-6 shows the conversion of CH4 as a function of time for catalyst
Ni/SWCNH-1/50 reduced in He at 673 K at different temperatures. The catalyst was
taken to the reaction temperature of 673 K ~ 873K using a heating rate of 20 K min-1 in
He. The reaction temperature of 1173 K was attained by heating from 873 K at a heating
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rate of 3 K min-1 in He. The CH4 conversion experiment was carried out by substitution
of He with 10% CH4/He at the reaction temperature. Significant catalytic activity is
observed in the temperature range from 723 to 873 K. The high activity found at 823 K
and 873 K quickly declines to zero. On the other hand, the high activity at 723 K and
773 K continues for a longer time, the reaction at 723 K being promising. The CH4
decomposition rate is governed by dissolution and transportation of the produced carbon
atoms in the Ni nanoparticles [31-33]; the balance of the dissolution and transportation
rates maintain the high decomposition rate. The high conversion and durability at 723 K
and 773 K on Ni/SWCNH must stem from the better balance effect. However, a more
detailed discussion needs further experimental evidences.
4.3.3. Characterization of Carbon Products
(a) (b)
(c) (d)
Figure 4-7. SEM images of Ni/SWCNH after CH4 deccomposition at 723 K
Figure 4-7 show the SEM images of Ni/SWCNH after CH4 decomposition at 723 K.
Nanotube like structures are observed in the SEM images of Ni/SWCNH after CH4
decomposition. The detailed structure of nanotube like structures in Ni/SWCNH after
CH4 decomposition was observed by HR-TEM.
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Figure 4-8. TEM images of carbon products with Ni/SWCNH after CH4 decomposition
reaction at 723 K and distributions of the Ni particles and the diameter of the carbon
nanotubes. (a) Carbon nanotubes around SWCNH, (b) cup-stacked structure of produced
carbon, (c) size distribution of Ni nanoparticles, and (d) diameter distribution of carbon
nanotubes.
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The HR-TEM images of carbon products after the reaction at 723 K are shown in
Figure 4-8. Carbon nanotubes are formed around SWCNH and Ni particles are situated
at the tip of each carbon nanotube, which is often observed in the carbon nanotube
growth [4, 34, 35]. The higher magnification image indicates that the produced carbon
nanotubes are the so-called cup-stacked type having the turbostratic layer structure with
predominant layers. The average particle size of Ni catalysts after the reaction is 5.8 nm,
being larger than the size before the reaction, 3.7 nm. The increase in the Ni particle size
evidences the aggregation of the Ni particles during the reaction. The average tube
diameter is 9.2 ± 0.2 nm, being smaller than those reported previously [34-38].
(b)(a)
Figure 4-9. HR-TEM images of Ni nanoparticle on catalyst Ni/SWCNH-1/50 after heating up
to 1173 K.
The HR-TEM images of Ni nanoparticles on catalyst Ni/SWCNH-1/50 after heating
up to 1173 K, which have no catalytic activity toward methane decomposition (Figure
4-6), are shown in Figure 4-9. It can be seen that the dispersed Ni aggregated into much
large particle size after the heating treatment, ranging from 6 to 40 nm. There are many
reports on the optimum Ni particle size for CH4 decomposition, which have significant
discrepancy to each other [12, 36, 39-42]. Basically Ni nanopartilces with diameter less
than 20 nm are considered to be active for methane decomposition. However, in this
work we find that Ni nano-particles with diameter less than 20 nm show no catalytic
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activity. The previous study on methane decomposition on Ni catalysts have indicated
that (100), (110), and (111) facets of Ni nanoparticles play an essential role in the CH4
decomposition and carbon production [31-33]. The reason of the inactivity of Ni
particles less than 20 nm of diameter could be that, high temperature treatment will not
only aggregate the Ni nanoparticles into larger size, but also create a smooth spherical
surface of it which has no distinct crystalline facet, thus the methane decomposition can
not be effectively ignited.
4.3.4. Effect of Catalyst Support on CH4 Decomposition
As the previous reports [43-45] showed the importance of disordered structures and
surface oxygen groups of the carbon support in the CH4 decomposition reactivity, the
catalytic activity of the carbon support itself was examined. The CH4 decomposition
began above 1050 K for all activated carbons and carbon black, whereas SWCNH did
not induce the decomposition up to 1200 K. As SWCNH is the most stable in the CH4
atmosphere even at 1200 K, SWCNH can guarantee a high durability as the catalyst
support. The temperature programmed CH4 decomposition profiles of these carbon
supports are given in Figure 4-10. Figure 4-11 shows the temperature programmed CH4
decomposition profiles for Ni/carbon catalysts. This figure explicitly indicates the
outstanding CH4 decomposition activity of Ni/SWCNH. The decomposition begins at
650 K, with a large peak at 820 K. On the other hand, weak CH4 conversion peak is
observed at the temperature range of 650 K to 850 K for Ni/CB, whereas almost no CH4
conversion is detected for Ni/LMA23, Ni/LMA31 and Ni/LMA46 below 1000 K.
However, Ni/LMA-activated carbon catalysts show remarkable CH4 decomposition
activity above 1100 K. The previous studies on methane decomposition on Ni catalysts
have shown the importance of crystallinity of the metal catalyst [31-33]. Then, a carbon
support promoting the well crystalline Ni nanoparticles should be preferable. SWCNH
consists of considerably well-defined graphene wall, on which well-crystalline Ni
nanoparticles can be preferentially produced. On the other hand, activated carbon and
carbon black used here have ill-defined graphitic surfaces and thereby Ni/activated
carbon and Ni/CB catalysts cannot exhibit a high activity below 1000 K. on the contrary,
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these defective carbons become highly active above 1100 K, inducing the high CH4
conversion. Otsuka et al [36] reported that graphitized carbon fibers and vapor-grown
carbon fibers were excellent catalyst supports for the CH4 decomposition. Aoki et al [8]
also reported better activity for Pd dispersed on SWCNH than Pd dispersed on activated
carbon.
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Figure 4-10. Temperature programmed decomposition of CH4 over 5 different carbon catalysts.
SWCNH: red, LMA23: black, LMA31: pink, LMA46: green, Carbon black: blue.
Pretreatment condition: 673 K in He for 1 hour.
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Figure 4-11. Temperature programmed CH4 decomposition profiles over Ni/carbon catalysts
(Ni/C = 1/50). Ni/SWCNH: Red, Ni/LMA23: Black, Ni/LMA31: Pink, Ni/LMA46: Green,
Ni/CB: Blue. Reduction condition of catalysts: 773 K in He for 1 h.
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Figure 4-12. Durability of CH4 conversion activity of Ni/SWCNH-1/50 and Ni/CB-1/50.
Methane decomposition over (a) Ni/SWCNH-1/50 at 723 K: Green; (b) Ni/SWCNH-1/50 at 773
K: Black; (c) Ni/CB-1/50 at 723 K: Red; (d) Ni/CB-1/50 at 773 K: Blue. Reduction condition of
catalysts: 673 K in He for 1 h.
The durability of CH4 conversion activity of Ni/SWCNH-1/50 and Ni/CB-1/50 is also
compared. The result is shown in Figure 4-12. Catalyst Ni/CB-1/50 was selected
because it showed highest catalytic activity on methane decomposition at the
temperature range of 650 K to 850 K among all the non-crystalline carbon supports. The
results indicate that Ni/SWCNH catalyst shows both higher catalytic activity and longer
duration time on methane decomposition than Ni/CB.
As alumina has been often used as catalyst support [35, 46, 47] for the CH4
decomposition, the reactivity of Ni/Al2O3 was compared with that of Ni/SWCNH, as
shown in Figure 4-13. The Ni weight percentage on Ni/Al2O3 catalysts were adjusted to
be same as Ni/SWCNH-1/50, and Ni/Al2O3 used amount was 4 times as Ni/SWCNH in
this comparison experiment. It is apparent that Ni/SWCNH exhibits much higher
activity than Ni/Al2O3. The peak value of the CH4 conversion per unit weight for
Ni/SWCNH is about ten times larger than that for Ni/Al2O3. Another advantage of
Ni/SWCNH when compared with Ni/Al2O3 can be understood from Figure 4-13(b).
Ni/SWCNH produces no CO, while Ni/Al2O3 evolves CO regardless of the preheating
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used along the reduction conditions. The CO formation has been interpreted as the
reaction between the carbonaceous species generated from CH4 decomposition and the
hydroxyl groups on the supports [10, 11] or lattice oxygen in the supports [12, 48].
SWCNH consisting of graphene has no oxygen and is thermally stable, producing no
CO and CO2 during CH4 decomposition reaction.
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Figure 4-13. (a) Temperature programmed CH4 decomposition profiles over Ni/SWCNH and
Ni/Al2O3 and (b) in situ CO evolution profiles. Ni/SWCNH with thermal treatment at 773 K in
He for 1h: Red, Ni/Al2O3 with H2 reduction at 673 K for 1h: Black, Ni/Al2O3 with H2 reduction
at 773 K for 1h: Green, Ni/Al2O3 with H2 reduction at 873 K for 1h: Blue.
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Figure 4-14 (a) Comparison of CH4 conversion at 723 K over Ni/SWCNH and Ni/Al2O3
prepared at different heating atmospheres, (b) the in situ CO evolution. Ni/SWCNH with
thermal treatment at 773 K in He for 1h: Red, Ni/Al2O3 with H2 reduction at 673 K for 1h:
Black, Ni/Al2O3 with H2 reduction at 773 K for 1h: Green, Ni/Al2O3 with H2 reduction at 873 K
for 1h: Blue.
Figure 4-14(a) shows the CH4 conversion as a function of time over Ni/SWCNH-1/50
and Ni/Al2O3 at 723 K. It can be seen from this figure that Ni/SWCNH shows superior
catalytic activity and sustainability to Ni/Al2O3 catalysts. Figure 4-14(b) shows the in
situ CO evolution during CH4 decomposition at 723 K over Ni/SWCNH and Ni/Al2O3
catalysts. Distinct formation of CO can be detected on Ni/Al2O3 reduced at 673 K in the
beginning 50 minutes exposure to CH4, while those on Ni/Al2O3 reduced at 773 K and
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873 K are much lower but still traceable. For CH4 conversion over Ni/SWCNH-1/50, no
signal change of CO can be detected in the whole range of reaction, the only products
detected by mass spectrometry were H2 and CH4.
4.4. Conclusions
XPS analysis in this work confirmed that a simple thermal treatment of Ni/SWCNH
can reduce the supported metal catalyst into metallic state. By comparing with
Ni/SWCNH catalysts and Ni/Al2O3 catalyst it can be seen that the former shows higher
catalytic activity toward CH4 decomposition. Besides, production of H2 over Ni/Al2O3
catalysts is accompanied by more distinct CO formation. The detailed structure of
newly-grown carbon was observed by HR-TEM. The image clearly indicated the growth
of cup-stacked carbon nanotubes with a diameter of about 9 nm. With above mentioned
results, we expect that nanocarbon materials can provide a promising application in a
wider catalyst field.
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Chapter 5
-General Conclusions -
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In this work, we studied the CH4 decomposition over transitional metals (M)
dispersed single wall carbon nanohorn (M/SWCNH, M=Fe, Co, Ni, Cu) prepared by
simple thermal treatment of the deposited metal nitrate without H2 reduction. The
optimization condition of CH4 decomposition on these catalysts was investigated and
the structure of newly-grown carbon was observed. Besides, the superiority of SWCNH
as catalyst support for CH4 decomposition to other metal oxide supports was discussed.
In Chapter 3, a study on the effect of pretreatment condition of Ni/SWCNH on CH4
decomposition reaction was conducted. TG study of Ni/SWCNH catalysts shows that
the Ni loading amount of catalyst is close to the contents deduced from the original Ni
solutions. TPDR profiles of Ni, Co and Fe catalysts deposited on SWCNH indicated that
gases like NO (30), CO2 (44) and CO (28) were produced during the catalyst
pretreatment step, which come from the dehydration and decomposition of Ni nitrate
and the redox reaction between the carbon and metal oxide. It is found that the use of
SWCNH as catalyst support can reduce the supported metal catalyst into metallic state
during simple thermal treatment without H2 reduction. Catalyst Ni/SWCNH shows
higher catalytic activity than other catalysts, on which the metal is also easier to be
reduced into metallic state. TEM images of products after reaction show the collision of
two Ni particles and encapsulation of Ni particles by carbon species, which could lead to
the deactivation of M/SWCNH.
In Chapter 4, Ni/SWCNH with high catalytic activity toward CH4 decomposition into
cup-stacked carbon nanotubes and hydrogen was studied. The N2 adsorption isotherms
of original catalyst supports and Ni deposited catalysts were measured. Pore analysis
indicated that the surface area and micropore volume of the supports other than
SWCNH decrease due to deposition of Ni, while that of Ni/SWCNH increased after
pretreatment due to the nanowindows formation on the graphene wall of SWCNH. XPS
analysis confirmed that a simple thermal treatment of Ni/SWCNH can reduce the
supported metal catalyst into metallic state. CH4 conversion activities of Ni/SWCNH-
1/50 was studied at different temperatures, the optimization temperature for CH4
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conversion over Ni/SWCNH-1/50 was 723 K and 773 K. Temperature programmed
decomposition of CH4 over 5 different Ni/carbon catalysts indicated the highest catalytic
activity of Ni/SWCNH of catalysts studied. It is shown that, production of H2 over
Ni/Al2O3 catalysts is accompanied by distinct CO formation, while the CO content in H2
produced over Ni/SWCNH is almost negligible. The HR-TEM image clearly indicated
the growth of cup-stacked carbon nanotubes with a diameter of about 9 nm.
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